Abstract. The resistance of breast cancer to radiotherapy remains a major obstacle to successful cancer management. Radiotherapy may result in DNA damage and activate breast cancer stem cells. DNA damage may lead to activation of the checkpoint kinase (CHK) signaling pathway, of which debromohymenialdisine (DBH) is a specific inhibitor. Radiotherapy also increases the expression of phosphorylated CHK1/2 (pCHK1/2) in the breast cancer cell line, MCF-7, in vitro in a dose-dependent manner. DBH is a relatively stable effective inhibitor that significantly reduces pCHK1/2 expression and MCF-7 proliferation. Low-dose radiotherapy combined with DBH resulted in a higher MCF-7 inhibition rate compared with high-dose radiation alone. This result indicates that the inhibition of the CHK1/2 signal pathway may significantly reduce DNA damage within radiated cells. Radiotherapy may also regulate the proportion of CD44 + /CD24 -MCF-7 cancer stem cells in a dose-and time-dependent manner. However, the stem cell proportion of MCF-7 cells was significantly reduced by treatment with DBH. The inhibition is relatively stable and time dependent. Significant reductions were observed after 3 days of culture (P<0.01). The results of the present study indicate that the DBH-induced downregulation of CHK may provide a novel method of enhancing the effect of radiotherapy and reducing stem cell survival in the MCF-7 cell line.
Introduction
Intrinsic or acquired resistance of tumour cells to chemotherapy or radiotherapy remains a major obstacle to successful cancer management. Mechanisms leading to resistance are diverse and poorly defined; however, recent experimental data support the concept that cancer stem cells (CSCs) are more radioresistant and chemoresistant than their non-stem counterparts (1) (2) (3) . CSCs display stem-like characteristics and are initially defined as cells endowed with long-term self-renewal and differentiation capacity. In solid tumours, CSCs have been proposed to represent a small proportion of tumour cells; they were also reported to be capable of forming colonies in an in vitro clonogenic assay and tumours in an in vivo assay (4) . In breast cancer, CSCs were first described as a population bearing the ESA + /CD44 + /CD24 -phenotype, with a 50-fold higher capability to form tumours in immunodeficient mice and to differentiate into di˚stinct cellular subtypes (4, 5) . In breast cancer cell lines, CD44 + /CD24 -cells were also described as a subpopulation bearing an invasive capacity and a genetic signature underlying an aggressive phenotype (6, 7) . Breast CSCs have been characterised by a number of markers, among which CD44 + /CD24 -/low is the most widely used. However, other markers have also been associated with CSC characteristics, including the presence of a side population (Hoechst 33342 dye exclusion), aldehyde dehydrogenase activity and other prospective markers, including CD133, ESA, PROCR and CXCR4 (8) .
DNA damage activates signal transduction pathways referred to as checkpoints, which delay cell cycle progression and allow more time for DNA repair (9) . Checkpoints arrest cells in the G1 phase to prevent replication of damaged DNA and in the G2 phase to prevent the segregation of damaged chromosomes during mitosis (9) . Increased levels of phosphocholine (PC) is one of the hallmarks of cancer, and numerous studies have established a strong correlation between increased PC and malignant progression (9, 10) . One of the major causes of high PC in tumours is the increase in the expression and activity of checkpoint kinase (CHK), a rate-limiting enzyme that phosphorylates and converts choline to PC (10) (11) (12) . CHK has been previously targeted with novel pharmacological inhibitors (13, 14) and posttranscriptional gene silencing (15) . The pharmacological inhibition of CHK cancer cells results in growth arrest and apoptosis (13) .
Numerous previous studies have investigated the CHK pathway in breast cancer cell lines. However, few studies have investigated the CHK pathway in breast cancer stem cells. Bensimon et al (16) reported that CD24 is associated with the transmission of genomic instability, which leads tumour cells to acquire more aggressive characteristics. The present study aimed to investigate the association between the CHK pathway and the stem cell population of breast cancer cell line, MCF-7. Curman et al (17) reported that debromohymenialdisine (DBH) blocks two major branches of the checkpoint pathway downstream of the serine/threonine kinase ATM, thereby preventing the activation or inhibition of different signal transduction proteins and inhibiting a narrow range of protein kinases in vivo. Therefore, the present study investigated the DBH-inhibited cell cycle CHKl/2 DNA repair system signal pathway in MCF-7 cancer stem cells to explore the survival impact and the molecular mechanisms of radiotherapy.
Materials and methods
Cell culture. The MCF-7 human breast cancer cell line was acquired from American Type Culture Collection (Manassas, VA, USA) and cultured in minimal essential media (Sigma-Aldrich, St. Louis, MO, USA) supplemented with 10% (v/v) fetal bovine serum with 100 units/ml penicillin and 100 µg/ml streptomycin (Thermo Fisher Scientific, Inc., Atlanta, GA, USA). The cells were cultured in standard cell culture incubator conditions at 37˚C in a humidified atmosphere containing 5% CO 2 .
Grouping and cell irradiation. Linear accelerator X-ray (6 MV) at dose rate of 2 Gy/min was administered with a gantry rotation 180˚. Irradiation (IR) was performed through the bottom of the cell culture plate with the source at a distance of 100 cm (equivalent to 1.5 cm tissue) in a radiation field size of 10x10 cm. The following experimental groups were established: Control group, A group (DBH), B group (2 Gy IR), B1 group (2 Gy IR + DBH), C group (5 Gy IR) and C1 group (5 Gy IR + DBH). DBH (Enzo Life Sciences, Farmingdale, NY, USA) was supplemented with 3 µM/l Dulbecco's Modified Eagle's medium.
Western blot analysis. Total protein from MCF-7 cells was extracted using a cracking buffer [100 mmol/l Tris (pH 6.7), 2% glycerol] containing a protease inhibitor (Sigma-Aldrich) at a 1:200 dilution, resolved on 10% SDS-PAGE for immunoblot analysis and then incubated using custom-made rabbit polyclonal antibody against human-CHK1/CHK2 (Cell Signalling Technology, Inc., Danvers, MA, USA) at 1:100 dilution in 5% nonfat dry milk overnight at 4˚C. A mouse monoclonal antibody against human-β-actin (Sigma-Aldrich) at 1:10,000 was used as control. Appropriate horseradish peroxidase-conjugated secondary antibody, either anti-mouse or anti-rabbit (GE Healthcare Life Sciences, Chalfont, UK), was used at 1:2,500 dilution in milk. Immunoblots were developed using the Super Signal West Pico chemiluminescent substrate kit (Pierce Biotechnology, Inc., Rockford, IL, USA) and images were captured using a Digimax i50 digital camera (Samsung, Suwon, South Korea). The density of immunoblot bands was analyzed using Band Leader software (version 3.0; Band Leader Systems, Inc., Boulder City, NV, USA) as described previously (18) .
Methylthiazyl blue tetrazolium bromide (MTT) viability assay.
The MCF-7 cells were cultured in vitro in 96-well plates. The concentration was adjusted to 10 5 cells/ml. A total of 100 µl of the cell suspension was added to each well (edge holes were filled with sterile phosphate-buffered solution or PBS to maintain humidity), and maintained at 4.5% CO 2 , 37˚C. The cells were assigned to the dosing and radiation grouping as above, and cultured for 24, 48 or 72 h. The OD value of each well was measured at a detection wavelength of 570 nm using a microplate reader (Synergy H1 Multi-Mode Reader; BioTek, Shanghai, China), compared with the blank control well (medium, MTT, dimethyl sulfoxide).
IR (%) = [(OD control group -OD experimental group) / OD of control group] x 100.
Flow cytometry. The proportion of the stem cell-like MCF-7 cells was investigated following radiotherapy. Cells were treated with 0, 2 and 5 Gy IR. All groups were cultured for 48 h. The MCF-7 cell culture was digested with 0.25% trypsin to produce a single cell suspension. Digestion was terminated by adding a culture solution of 10% fetal calf serum. The cells were centrifuged at 200 x g for 10 min and then washed twice with PBS and the cell concentration was adjusted to 1x10 6 cells/ml. Approximately 40 µl of the cell suspension was placed in a flow cytometry test tube, added with 0.5% bovine serum albumin (BSA) was added and then the samples were incubated at room temperature for 30 min. Approximately 20 µl of CD24-FITC mouse monoclonal conjugated antibody (1:300) was added to CD44-PE mouse monoclonal antibody (1:300; R&D Systems China Co., Ltd., Shanghai, China) and then incubated in the dark at room temperature for 20 min. The cells were washed twice with PBS (3 ml) to remove excess antibodies. The cells were then re-suspended in 3 ml PBS and analysed using a BD Accuri™ C6 flow cytometer (Becton Dickinson, Franklin Lakes, NJ, USA) at 488 nm/520 nm. Three parallel samples were run (Separate blank, CD44-PE, CD24-FITC control tube).
Direct immunofluorescence microscopy. MCF-7 cells in the logarithmic growth phase were seeded on sterilised glass slides in a 24-well cell culture plate (50,000 cells/well). The following groups were established: Control group, A group (DBH), B group (2 Gy IR), B1 group (2 Gy IR + DBH), C group (5 Gy IR) and C1 group (5 Gy IR + DBH). Adherent cells that survived were subjected to 5 Gy radiation and then cultured for 1 to 8 days. Parallel experiments were performed in triplicate. Following incubation, the cells were washed twice with PBS, cooled to 4˚C, and then fixed with methanol for 10 min. The slides were washed 4 times with PBS and then 1% BSA blocking solution was added dropwise at 4˚C for 1 h. The slides were washed 4 times with PBS. Mouse anti-human PE-CD44-IgG (red) and mouse anti-human FITC-CD24-IgG (Green) at 1:200 dilution were added dropwise to the samples. The samples were then incubated in the dark for 60 min. Subsequently, the samples were washed one to two times with PBS (pH 7.2 to 7.4). The cells were stained with 20 µl DAPI (Sigma-Aldrich) by dropwise addition at ambient temperature in the dark. After allowing to stand for 10 min, the slides were washed with PBS. Anti-fade mounting medium (Beyotime Institute of Biotechnology, Shanghai, China) was added dropwise. The cells were observed by fluorescence microscopy (IX51; Olympus Co., Ltd., Shanghai, China). Three independent experiments were performed, the results were counted and the means were calculated.
Statistical analysis. Statistical analysis was performed using SPSS software, version 13.0 (SPSS, Inc., Chicago, IL, USA). All data are presented as the mean ± standard deviation and one-way analysis of variance and Dunnett's T3 post test were used to determine the statistical significance. Differences between groups were analyzed using two-sided t-tests. P<0.05 and P<0.01 were considered to indicate a statistical difference and statistically significant difference, respectively.
Results
Radiation may result in DNA damage and increase the pCHK1/CHK2 level in breast cancer cells, DBH inhibits the phosphorylation of cell cycle checkpoint kinase CHK1/2 specifically (13) (14) (15) . In the present study, western blot analysis demonstrated that pCHK1/2 was markedly increased following 24 h of radiotherapy with either low dose radiation at 2 Gy or high dose radiation at 5 Gy, as presented in Fig. 1 (Bandleader calculation). The pCHK1 protein levels in the control, B (treated with 2 Gy radiation dose) and C (treated with 5 Gy radiation dose) groups were 1.48±0.11, 26.29±0.24, and 39.72±1.45%, respectively. pCHK2 protein level exhibited the same trend. CHK protein was therefore significantly activated in the 24 h following radiation. In addition, the activation of CHK proteins by radiation was dose-dependent in the MCF-7 cell line. DBH had no effect on the activation of CHK protein in the MCF-7 cell line not treated with radiation. However it appeared to serve a role in the MCF-7 cells which were treated by radiation. The pCHK1 protein compared with actin in the B1 group (2 Gy radiation and 3 µM DHB application) and C1 group (5 Gy radiation and 3 µM DHB application) were 5.46±1.45% and 6.02±1.39%, respectively (P<0.05) (Fig. 2) . pCHK1 protein expression markedly reduced following low or high dose radiation when DHB was also applied. With low dose radiation, the pCHK1 protein was reduced by 79.23±3.80% (2 Gy) compared with B group. With high dose radiation, the pCHK1 protein was reduced by 82.67±4.19% (5 Gy) compared with C group (Fig. 3) .
DBH inhibits MCF-7 proliferation following radiotherapy.
Methylthiazyl blue tetrazolium bromide (MTT) viability assay is presented in Table I : No significant difference was observed in the inhibition rate of breast cancer MCF-7 cells in the simple dosing DBH group compared with the control group (P>0.05). This result indicates that the experimental DBH drug concentration (3 µM) had no significant cytotoxicity. Following 24, 48, and 72 h of radiotherapy, the inhibition rates of the B group were 21.43±3.19%, 36.36±5.47%, and 47.79±9.16%, respectively. After 24, 48, and 72 h of radiotherapy, the inhibition rates of the B1 group were 60.71±5.23, 67.27±3.74, and 73.45±5.72%, respectively. The inhibition rate of the C1 group was 65.18±6.41, 72.73±10.18, 80.53±9.16%, which was increased compared with the B1 group. These results indicated that the inhibition rate of MCF-7 was time and dose dependent. In addition, DBH may increase the sensi- tivity of radiotherapy by inhibiting the CHK signal pathway. The percentage of the downregulation of inhibition of MCF-7 cells between the B1 and C1 groups and their control groups B and C were calculated and compared at different time periods (Fig. 4) . The inhibition rate increased in Group B1, where cells were simultaneously treated with the low dose radiation and application of 3 µM DBH. In group B1, increasing the incubation time with DBH contributed to the increase in inhibition rate following radiotherapy. However, the same trend was not observed in Group C1, the inhibition rate in Group C1 was not statistically different at longer culture time, when cells were simultaneously treated with high dose radiation and application of 3 µM DBH (P>0.05). Therefore, DBH inhibited the survival of MCF-7 cells following low-dose radiation and the inhibition rate becomes more effective as the incubation time with DBH is increased. (Fig. 5A) . Following irradiation, the CD44 + CD24 -ratio in the 2 Gy irradiation group increased to 2.46±0.27% (Fig. 5B) , and that of the 5 Gy irradiation group reached 3.08±0.21% (Fig. 5C) . The results demonstrated that exposure to radiation results in the increase of CD44 + CD24 -cell population in the MCF-7 cell line. The ratio of CD44 + CD24 -MCF-7 cell line increased gradually with increasing radiation dose (P<0.05).
Increase in the proportion

Increase in CD44
+ CD24 -MCF-7 cell population following radiotherapy was inhibited by DBH. In the direct immunof luorescence microscopy, PE-CD44-IgG and FITC-CD24-IgG were red and green, respectively. The strength of CD44 and CD24 expression levels on the cell membrane can be determined. CD44 + CD24 + had yellow fluorescence, CD44 + CD24 -had red, CD44 -CD24 + had green, and CD44 -CD24 -only showed deep blue nuclear DAPI fluorescence. In the control group and the dosing group, the CD44 + CD24 -cell ratio was 1.89±0.20%, and CD44 + CD24 + cells accounted for 95.04±2.15% of the total cell population. The ratio of CD44 + CD24 -cancer stem cells significantly increased following 5 Gy irradiation, and the activation of CD44 + CD24 -cells was time dependent (Fig. 6 ). In the DBH with irradiation group, the proportion of CD44 + CD24 -cancer stem cells was slightly increased in the first 3 days and then reduced and remained stable at 3.73±0.35%. However, the Table I . Inhibition of MCF-7 by DBH after radiotherapy. 
Exposure time Inhibitive proportion (%) --------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
A B C
proportion of CD44 + CD24 -in the DBH with irradiation group was always reduced compared with the irradiation group alone (Fig. 7) . DBH may inhibit the CHK signal pathway therefore inhibiting the breast cancer stem cells from being activated by the radiotherapy.
Discussion
Radiotherapy may result in damaged DNA. It has an important role in breast cancer treatment. However, radiation resistance of breast cancer remains a challenge. Previous studies have demonstrated the mechanism of radiation resistance of cancer cells in a number of aspects, including the level of reactive oxygen species, histone H2AX phosphorylation of the EGFR signalling pathway activation (19) , Notch pathway activation (20) , Wnt-β-catenin of surviving signal activation (21, 22) , the hypoxic microenvironment (23) and the cell cycle checkpoint control of cell proliferation cycle, which has an important function in radiotherapy response (24). The CHKl/2 downstream effector gene ATM/ATR, located on the cell cycle checkpoint activation pathway terminal activates DNA damage detection point when DNA is damaged. The activation is regulated by cell division cycle protein 25A/B/C (CDC25A/B/C) and the 14-3-3 proteins. CHKl as a cell cycle checkpoint kinase has a protective role in the M phase checkpoint; it also alleviates the segregation of damaged chro mosomes during mitosis, thereby reducing cell death (25) . CHK2 is expressed throughout the cell cycle but only when the double-strand break upstream protein ATM is activated. The activation of breast cancer gene l (breast cancer 1, BRCAl) by CHK2, in addition to the promotion of BRCA2 expression, is involved in homologous recombination, nucleotide excision repair, and DNA repair (26) (27) (28) . CHKl and CHK2 are activated by phosphorylation following DNA damage resulting from drugs, ionising radiation (IR), and ultraviolet radiation (9) . ATM and ATR occupy an important position in radiotherapy-induced DNA repair.
Focusing radiotherapy of breast cancer cells in the cell cycle checkpoint resistance results in enhanced DNA repair capacity. Therefore, agents that block DNA damage-induced cell cycle arrest and reduce DNA repair efficiency may potentially sensitize breast cancer cells to radiotherapy. DBH is sponge extract isolated from marine organisms containing pyrrole seven-membered ring lactam alkaloid. DBH inhibits the activation of CHK1 and CHK2 (17) . Others, such as 17-DMAG of CHK1 inhibitors (29) , UCN-01 (CHK2 inhibitor) (30) and other drugs had no for both CHK 1/2. The overlapping functions of CHK1 and CHK2 enhance the ability of tumour cells to protect themselves, and both can act on Cdc25C. They have functions on the S and G2 phase detection point, demonstrating mutually complementary roles (31, 32) . Therefore, selecting both CHKl and CHK2 as therapeutic targets is more reasonable than either of the two alone.
In the present study, pCHK1/2 in the breast cancer MCF-7 cell line radiotherapy following 24 h was detected by western blot analysis. pCHK1/2 expression level significantly increased with increasing radiation dose. Therefore, the breast cancer cell cycle checkpoint pathway reaction enhanced DNA damage repair, thereby weakening the sensitivity to radiotherapy. When DBH was coupled with radiotherapy, pCHK1 and pCHK2 were downregulated (P<0.01), and the radiation dose was positively correlated with this effect (P<0.05). The downregulation of pCHK1/2 had no significant correlation with radiotherapy prior to and following DBH treatment, which indicates that DBH as an efficacy inhibitor is relatively stable. MCF-7 cell proliferation was also determined using an MTT assay following radiotherapy. The inhibition of MCF-7 cell proliferation had the same trend as was observed for pCHK1/2 expression levels. Low-dose radiotherapy combined with DBH achieved a higher MCF-7 inhibition rate compared with high-dose radiation alone (P<0.01). This finding indicates that the inhibition of the CHK1/2 molecule signalling pathway reduces cell DNA damage repair.
Stem cells have the capacity for self-renewal, unlimited proliferation and differentiation. By comparing stem cells and tumour cell subsets in cancer research, similarities were observed between the two, including self-renewal and proliferation capacity; Notch, Wnt, Sonic hedgehog (Shh) and Bmi21 signalling pathways involved in cell growth and development; and their ability to migrate or transfer (33) . As such, the CSC hypothesis was proposed, which indicated that the presence of a small proportion of tumour cells in the tumour tissue has a significant role in initiating tumour formation and maintaining tumour growth. These cells also have a decisive role, self-renewal capacity and differentiation potential source of malignant tumour growth, metastasis and recurrence. The experiments of the present study further explored the association between the CD44 + CD24 -subgroup of MCF-7 cells following radiotherapy with the CHK1/2 signal pathway. Radiotherapy increased the population of CD44 + CD24 -MCF-7 cells, which was positively correlated with radiation dose and culture time (P<0.05). With the application of DBH, the dosing of CD44 + CD24 -cells reduced following radiotherapy from 3.08±0.41% to 2.52±0.34%, which is a reduction of 18.18%. This result indicated that the CHKl/2 inhibitor DBH reduced the stem cell population of MCF-7. The inhibition by DBH of the CD44 + CD24 -stem cell population increased significantly in a time-dependent manner until the eighth day and then reduced until 64.45% was reached.
The proliferation of the CD44 + CD24 -group cells was suppressed following the inhibition of CHK1/CHK2. This result indicates that the ATM/ATR-CHK1/CHK2-CDC 25A/25B/25C cell cycle checkpoint arm may be important in MCF-7 cancer stem cell population radiation resistance. It may also be compared with other cell subsets. More extensive activation of DBH inhibition may reverse its CHKl/2 activation following radiotherapy resistance. It is of note that CD44 + CD24 -cells in the experiment may not be separated completely because of the limited separation methods used. Combined application of immunomagnetic beads, flow cytometry, and other marker, such as antibodies, to label the breast stem cell cluster may results in a more precise conclusion. Studies using serum plus growth factor CD44 + CD24 -cells in vitro have been previously reported; however, separate cell culture conditions are more demanding.
CSC theory introduced a new tumour formation mechanism to improve understanding of tumour development and prognosis. The results of the present study may serve as a novel theoretical foundation for therapeutic targets, which has important clinical significance. Focusing on cell cycle checkpoint, the target CHKl/2 may have a potential to reduce CSC resistance to radiation. However, CSC research remains in its infancy, and numerous problems are still encountered. Previous studies have also investigated the CHK signal pathway with cancer stem lines using siRNA technique or gene analysis (16, 34) .
